AD

Award Number: DAMD17-02-1-0112

TITLE: Corrective **!In Capromab Pendetide SPECT Image Reconstruction Methods
for Improved Detection of Recurrent Prostate Cancer

PRINCIPAL INVESTIGATOR: Benjamin M. W. Tsui, Ph.D.

CONTRACTING ORGANIZATION: Johns Hopkins University
Baltimore, MD 21205

REPORT DATE: June 2006

TYPE OF REPORT: Final

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are those of the author(s) and
should not be construed as an official Department of the Army position, policy or decision
unless so designated by other documentation.



REPORT DOCUMENTATION PAGE OMB NG oA 0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED
01-06-2006 Final 1 Feb 2002 — 18 May 2006
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Corrective *In Capromab Pendetide SPECT Image Reconstruction Methods 5b. GRANT NUMBER
for Improved Detection of Recurrent Prostate Cancer DAMD17-02-1-0112
5c. PROGRAM ELEMENT NUMBER
6. AUTHOR(S) 5d. PROJECT NUMBER
Benjamin M. W. Tsui, Ph.D. 5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER

Johns Hopkins University
Baltimore, MD 21205

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)
U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES
Original contains colored plates: ALL DTIC reproductions will be in black and white.

14. ABSTRACT

It is generally recognized that 111In capromab pendetide (PS) scans are technically challenging to perform and interpret,
particularly with regard to pelvic SPECT studies used to detect possible disease in the prostate fossa and pelvic lymph node
(LN). The hypothesis of this proposal is that the superior spatial resolution, high image contrast, and much reduced image
artifacts that result from the corrective SPECT image reconstruction methods would substantially aid in the detection and
diagnosis of prostate cancer. To test our hypothesis, we propose five specific aims: (1) to develop simulation tools and
methods that allow efficient generation of accurate 111In PS projection data from the human pelvic area, (2) to study the
effects of 3D image degrading factors on 111In PS SPECT images, (3) to develop 3D corrective image reconstruction methods
for 111In PS SPECT that provide much improved image quality and quantitative accuracy by incorporating models of the 3D
image degrading factors, (4) to evaluate the 3D corrective image reconstruction methods for clinical 111In PS SPECT studies
using simulated patient data, and Hotelling and human observer studies, and (5) to evaluate the clinical efficacy of the
corrective image reconstruction methods as applied to 111In PS SPECT using patient data.

15. SUBJECT TERMS
Prostate cancer, SPECT imaging, Simulation study, ROC analysis, Clinical evaluation

16. SECURITY CLASSIFICATION OF: 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
OF PAGES USAMRMC
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (include area
U U U uu 30 code)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39.18




Table of Contents

26

27

27

none



INTRODUCTION

Prostate carcinoma, a leading cause for male cancer deaths, was estimated to result in 180,400
new cases and 31,900 deaths in the year 2000*. Earlier detection of prostate cancer has resulted from
screening with serum prostate-specific antigen (PSA), with detection of disease when it is more
localized®. In order to treat prostate cancer appropriately, it is essential to have accurate staging data.
Clinicians try to determine tumor size and location, degree of periprostatic extension and whether bone
and/or lymph node (LN) metastases are present. Imaging techniques routinely used for this purpose
include transrectal ultrasound, pelvic CT and MRI, and radionuclide bone scanning. Despite these efforts,
initial evaluation of pre-surgical patients leads to understaging in as high as 40 to 71% of patients®.
Detection of LN metastases has been difficult, since LN involvement in prostate cancer is often associated
with normal sized nodes. Since detection of LN disease with pelvic CT and MRI depends upon LN
enlargement, neither of these modalities has been very successful in detecting the spread of prostate
cancer to nodes (MRI slightly better than CT). Pooled data from four MRI series demonstrate an overall
sensitivity of 42% and specificity of 98% *.

Imaging with **In capromab pendetide (PS), a monoclonal antibody agent utilizing an indium-
labeled antibody to prostate-specific membrane antigen (present in increased amounts in prostate cancer
cells) has proven useful in detecting LN metastases. It is particularly useful in the detection of recurrent
prostate carcinoma in patients who have had radical prostatectomy for their disease, but who have
increasing PSA levels indicating the presence of an additional tumor. In a multi-institutional study, ***In
PS scanning localized disease in 108 of 181 patients (60%) with uptake in the prostatic fossa in 62
patients (34%), pelvic LN in 40 patients (22%) and abdominal LN in 42 patients (23%)°. Results were
evaluated for the prostate fossa by ultrasound guided biopsy: 59 patients had positive biopsies for
recurrent tumor, but only 29 of these had positive scans for a sensitivity of 49%°. The investigators felt
that the false negative scans were likely to be due to small tumor volume. Results are more difficult to
confirm for disease outside the prostatic fossa, since the LN metastases will usually be too small for
detection by CT or MRI.

It is generally recognized that ***In PS scans are technically challenging to perform and interpret®,
particularly with regard to the pelvic SPECT study used to detect possible disease in the prostate fossa
and pelvic LN. Certainly part of this challenge is the detection of increased uptake in relatively small
tumors in the pelvis.

In our preliminary study, we have demonstrated that corrective image reconstruction techniques
that accurately correct for attenuation, collimator-detector response and scatter can significantly improve
the quality and quantitative accuracy of **!In PS SPECT images. The hypothesis of this proposal is that
the superior spatial resolution, high image contrast, and much reduced image artifacts that result from the
corrective SPECT image reconstruction methods would substantially aid in the detection and diagnosis of
prostate cancer.

To test our hypothesis, we propose five specific aims: (1) to develop simulation tools and
methods that allow efficient generation of accurate **'In PS projection data from the human pelvic area,
(2) to study the effects of 3D image degrading factors on **!In PS SPECT images, (3) to develop 3D
corrective image reconstruction methods for ***In PS SPECT that provide much improved image quality
and quantitative accuracy by incorporating models of the 3D image degrading factors, (4) to evaluate the
3D corrective image reconstruction methods for clinical *'In PS SPECT studies using simulated
populations of patient data, and Hotelling and human observer studies, and (5) to evaluate the clinical
efficacy of the corrective image reconstruction methods as applied to ***In PS SPECT using patient data.

BODY

As we discussed in our first and second year report, our entire laboratory relocated from the
University of North Caroline at Chapel Hill (UNC-CH) to Johns Hopkins University (JHU) in July 1,



2002. We had an extremely smooth transition and were able to continue the research project with minimal
interruption. In the following, we report of accomplishments addressing each of the proposed tasks.

Task 1.  To develop simulation tools and methods for **In prostate SPECT (Months 1-18):
a. Extend the realistic NCAT phantom to include the pelvic region of the body (Months 1-12)
b. Continue the development of a Monte Carlo simulation method that generates realistic
projection data from the NCAT phantom with accurate models of the multiple photon
emissions from !In, their attenuation and scatter in the body, and the geometric,
penetration and scatter response of the collimator (Months 4-18)

Accomplishments:

We completed Task 1(a) in Year 1 as reported in the 1* year report and completed Task 1(b) in
Year 2 as reported in the 1% year report. The following are extractions from the two previous reports.

A. We have completed Task 1a of the original proposal. The 3D NCAT (NRUB-based CArdiac
Torso) phantom developed in our laboratory was extended for use in the project. Figure 1
shows the standard 3D NCAT phantom recently developed in our laboratory under the
support of a separate NIH grant. Figure 2 shows the extension of the 3D NCAT phantom
developed under the support of the present DOD research grant. Figure 3 shows the detailed
anatomical structures including the prostate, bladder, key blood vessels and the 26 lymph
nodes in the pelvic region of a male patient. Figure 4 shows sample slices through the
phantom showing the simulated distribution of **!In PS in the pelvic region that is based on
clinical studies. Figure 5 shows the corresponding image slices showing the attenuation
coefficient distribution.

B. We have made significant progress of Task 1b of the original proposal. We have successfully
tested the MCNP Monte Carlo code that will be used in the research. Specifically, we
implemented the extended 3D NCAT phantom in the MCNP code to generate list mode data
of photons that were emitted from source distributions within the phantom, experienced
photoelectric, scatter or no interaction with the tissue material of the phantom, and emerged
from the surface of the phantom. In order to accurately simulate the response function of the
medium collimator that are used in acquiring In-111 PS data, Monte Carlo simulation of
photons through the collimator that include the effects of penetration and scatter within the
collimator is desirable. However, Monte Carlo simulation in both the phantom and
collimator is extremely time-consuming even using the 90-node computer cluster in our
laboratory.

C. Instead, we are developing a technique that pre-determine the collimator-detector response
(CDR) function that includes the geometric, penetration and scatter components in a look-up
table. The final projection data of the phantom will be obtained by reading the listmode data
and run through the 3D CDR look-up table. The use of the look-up table provide a saving of
computational time by a factor of over 100.



Figure 1. The standard 3D Figure 2. Extension of the Figure 3. Detail anatomical structures
NCAT phantom 3D NCAT phantom to included in the extended NCAT phantom.
include the pelvic region.
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Figure 4. Sample slices through the pelvic region of the ~ Figure 5. Corresponding slices through the extended

extended 3D NCAT phantom showing In-111 PS 3D NCAT phantom as shown in Figure 4 showing the

distribution. The slice thickness is 3.2 mm and the attenuation coefficient distribution.

sample slices are selected every 8" slice from the
complete set.

D. In Year 2, we completed both parts (a) and (b) of Task 1. We determined the average uptakes of **!In
capromab pendetide (PS) in different organs based on the preliminary patient SPECT studies we
acquired at UNC-CH before the present research grant started. The average uptakes in the different
organs were used in the 3D NCAT phantom to develop an average *!In PS radioactivity distribution
phantom. A 3D attenuation distribution phantom was determined by assigning average attenuation
coefficients for the *!In photon energies to the bone structures and all tissues organs of the 3D NCAT
phantom. Also, we identify the 26 possible sites of lymph nodes in the pelvic region. Figure 6 shows
sample transaxial slices from the ***In PS radioactivity distribution phantom with several of the lymph
node sites. Figure 7 shows the corresponding transaxial slices from the attenuation distribution
phantom.



Figure 6. Sample transaxial slices of the **In PS radioactivity distribution phantom showing the
prostate in the first slice, and with colored arrows pointing to several lymph nodes.
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Figure 7. Sample transaxial slices from the attenuation distribution phantom.

E. Alsoin Year 2, we completed the development of a fast simulation method to generate projection data
of the 3D In PS phantom that accurate models the effects of photon attenuation and scatter within
the phantom and the full collimator-detector response characteristics that include geometric,
penetration and scatter components. The fast simulation method consists of two steps. In the first
step, the SIMSET Monte Carlo code developed at the University of Washington was used to simulate
photon transport within the 3D phantom based on the **!In PS uptake and attenuation distributions.
The histories of photons exiting the phantom were saved in a history file for later use. In the second
step, we apply a predetermined angular response function (ARF) specific for the collimator-detector
used in the data acquisition and the 'In photon energies to each photon in the photon history file.
The ARF is the point source response function of the collimator-detector at the **'In photon energies
in angular increment. It is generated from the MCNP Monte Carlo code and includes the geometric,
penetration and scatter components of the collimator-detector response.

F. As shown in Figure 8, the predetermined ARF accurately models the collimator-detector response
as compared to the results from Monte Carlo simulation using the MCNP code. Table 1 shows that
the ARF method is 27 times faster than the MCNP Monte Carlo method in processomg 1 billion
photon histories from the history file to simulate the image of an In-111 point source using a GE
medium energy (ME) collimator. Since the ARF method is less susceptible to noise fluctuations due
to the limited number of photon histories, there is an additional saving in processing time with the
ARF method if the same image quality is used in the comparison. In the later case, the total saving in
processing time with the ARF methods is 410 times that of the MCNP method. This is a critical
development to allow us to perform the full simulation with a reasonable amount of computational
time.
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Figure 8. Projection images of an In-111 point source obtained using a GE medium energy (ME) collimator
using (a) the MCNP Monte Carlo simulation code and (b) the fast ARF method. To obtain the same image

quality, the number of the photons simulated using MCNP is 15 times that using the ARF. (¢c) Compareision of
the horizontal profiles through the projection images.

Table 1. Comparison of the CPU times in simulating the collimator-detector
response using the MCNP Monte Carlo code and the new ARF method

Simulation Method
MCNP ARF
Processing time to simulate 1 billion photon histories 2,873 sec 105 sec
sNa%rgt}i:;JepgS;ﬂrt]thStones required to obtain the 15 billion 1 billion
Total CPU time 12 hours 105 sec

Figure 9 show sample projection images generated from the **In PS radioactivity and attenuation
distributions generated from the 3D NCAT phantom using the fast simulation methods described above.
They demonstrate the effectiveness of the simulation method to generate data that realistically mimic
those acquired from an average patient.




Figure 9. Simulated projection data of the **In PS radioactivity and attenuation distribution
phantoms, showing 6 views over a 360° range. As described in the text, they were generated using
the SIMSET Monte Carlo code to simulate photon transport through the phantom and the Angular

Response Function (ARF) to simulate the full collimator-detector response characteristics.
The data for each photopeak of **!In were generated separately, and then summed.

Task 2. To study the effects of 3D image degrading factors on **In prostate SPECT (Months 4-21):
a. Study the effect of photon attenuation in the patient’s body on **!In SPECT images (Months
4-12)
b. Study the effects of photon scatter in patient’s body on **In SPECT images (Months 7-15)
c. Study the effects of collimator-detector response on **!In SPECT images (Months 10-18)

Accomplishments:

We completed Task 2 (a), (b) and (c) in Year 1 and Year 2 as reported in the 1% and 2" year
report. The following are extractions from the 2 previous reports.

A. We have begun the study of the effects of 3D image degrading factors on ‘*In prostate
SPECT imaging in Year 1. As discussed in Task 3 below, we have developed and
implemented corrective image reconstruction methods for ***In prostate SPECT. The process
allows us to study the effects of the degrading factor on the reconstructed images. For
example, Figure 10 shows the reconstructed images from a patient study obtained using
different corrective image reconstruction methods. Images on the left-most column were
obtained from using the filtered backprojection (FBP) without any correction of the image
degrading factors. Images on the right-most column were obtained using the OS-EM
algorithm with correction of the CDR, attenuation and scatter in the patient. The result is
closest to the true ™In PS distribution. Images on the column second to the right-most
column were obtained using the OS-EM algorithm with correction of the CDR and
attenuation in the patient. They indicate the effect of scatter alone on the reconstructed
images. Images on the column third to the right-most column were obtained using the OS-
EM algorithm with correction of the CDR alone. They demonstrate the combined effects of
attenuation and scatter in the patients on the reconstructed images.

Since we do not know the truth distribution in a patient study, the best method to study
the effects of the image degrading factors is through simulation study. We are in the process
of applying the extended 3D NCAT phantom and the simulation tools developed in Task 1 to
study the effects of the degrading factors in more detail.

Cutoff
Frequency
(cycle/pixel)

Iteration
Number




10

0.15 2
0.20 5
[ |
3D FBP OS-EM OS-EM OS-EM
w/o correction w/ CDR correction w/ CDR, attenuation w/ CDR, attenuation
Butterworth, n=8 correction & scatter correction

Figure 10. Reconstructed images from a patient study obtained using different corrective image reconstruction
methods. Left-Most Column: Images were obtained from using the filtered backprojection (FBP) without any
correction of the image degrading factors. Second Column from the Left: Images obtained using the OS-EM
algorithm with correction of the CDR alone. Third Column from the Left: Images obtained using the OS-EM

algorithm with correction of the CDR and attenuation in the patient. Right-Most Column: Images obtained
using the OS-EM algorithm with correction of the CDR, and attenuation and scatter in the patient.

. As shown in Figure 11, in Year 2 we have developed a fast Monte Carlo method that allows

us to generate projection data that accurately model the effects of photon attenuation and
scatter within the phantom and the full characteristics of the collimator-detector used. This is
a very complicated process. The successful implementation of this fast Monte Carlo
simulation capability also allows us to generate projection datasets that selectively include
the effects of photon attenuation and/or scatter and/or characteristics of the collimator-
detector used in the data acquisition. These datasets can be generated with much faster speed
than those that include all the physical instrumentation effects.

The datasets that include the selected physical and instrumentation effects are reconstructed,
organized and studied. The reconstructed images allow us to study the effects of photon
attenuation and scatter in the patient’s body and of the collimator-detector response
characteristics on the "In SPECT images. Figure 5 shows an example of reconstructed images
from the simulation study where the projection data were generated using the simulation method
described above and include the effects of photon attenuation and scatter in the patient and the full
imaging characteristics of the collimator-detector system. No compensation was used in the
conventional filtered backpronection (FBP) reconstruction algorithm and the iterative OS-EM
algorithm. The reconstruction images demonstrate the effects of photon attenuation and scatter and
the collimator-detector response. Also, they demonstrate the iterative OS-EM reconstruction
algorithm without compensation give similar reconstructed image artifacts as the conventional FBP
algorithm.



(b)

Figure 11. (a) Transaxial reconstructed images from a sample slice through the 3D NCAT phantom obtained using
the filtered backprojection algorithm without any compensation. The images were post-filtered using a Butterworth
filter with order 8 and, from left to right, filter cutoffs of 0.10, 0.20, 0.30 and 0.40 cycles/pixel, respectively. (b)
Transaxial reconstructed images from the sample slice obtained using the iterative OS-EM algorithm without any
compensation at, from left to right, the 1%, 2", 3" and 4" iteration, respectively. Twelve subsets were used in the
OS-EM algorithm.

Task 3. To continue the development of 3D corrective image reconstruction methods for ***In prostate
SPECT that provide much improved images quality and quantitative accuracy by incorporating
models of the 3D image degrading factors (Months 7-24):
a. To use results from Task 2 to guide the development of methods to incorporate accurate
models of image degrading factors in iterative and non-iterative 3D image reconstruction
(Months 7-24)

Accomplishments:

We completed Task 3 (a) in Year 1 and Year 2 as reported in the 1% and 2" year report. The
following are extractions from the previous two reports.

A. We have made significant progress in accomplishing Task 3a in Year 1 of the project. The
corrective image reconstruction methods that are under development are based on iterative
image reconstruction algorithms. As shown in Figure 12, a typical iterative reconstruction
algorithm allows one to incorporate models of the imaging process in the projection and
backprojection steps. Through the iterative process, accurate compensation of the effects of
imaging degrading factors can be achieved.

B. We completed the implementation of accurate models of the collimator-detector response
(CDR), and attenuation and scatter in the iterative ordered-subset expectation-maximization
(OS-EM) image reconstruction algorithm to correct for their effects. Figure 13 shows the
different components of CDR found in medium- and high-energy collimators at different
energies. Typical experimental measured point response functions from these collimators are
shown in Figure 14. We incorporate accurate model of the CDR of the collimator as a
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function of source distances in the OS-EM algorithm as shown in Figure 12. To
compensation for photon attenuation, we incorporate the attenuation distribution of the
patient obtained from transmission CT studies. For scatter compensation, we apply the
effective scatter source method as shown in Figure 15 developed in our laboratory.

Figure 10 shows preliminary results from applying the corrective image reconstruction to a
clinical ***In PS prostate SPECT study. They indicate the substantial improvement in image
quality using the corrective image reconstruction methods especially when all the image
degrading factors, i.e., CDR, and attenuation and scatter in the patient, are included in the
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Figure 12. Corrective image reconstruction using Figure 13. Components of collimator-detector response
iterative image reconstruction algorithms. Accurate (CDR). For ME and HE collimator using ME and HE
models of the imaging process including the collimators, the penetration and scatter components are
collimator-detector response (CDR) and attenuation significant as compared to the geometric component.
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implemented in iterative image reconstruction
methods.
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D. We have accomplished the development of 3D corrective image reconstruction methods for ***In
prostate SPECT that provide much improved image quality and quantitative accuracy by
incorporating models of the 3D image degrading factors. The 3D corrective image reconstruction
methods incorporate accurate compensation of photon attenuation and scatter in the patient and the
full characteristics of the collimator-detector response in the iterative OS-EM algorithm. The
compensation methods utilize the results from Task 2 to guide the development

E. In Figure 16, we show the improvements in reconstructed image quality as the image corrective
image reconstruction method incorporates different individual and combination of image degrading
effects including photon attenuation and scatter in the patient and the full image characteristics of the
collimator-detector response. Here results from a sample slice through the 3D NCAT phantom and
noise-free simulated projection data as described in Task 2 were used.

F. In Figure 17, results from simulated noisy projection data from four sample slices through the 3D
NCAT phantom and at three noise levels were shown. They demonstrate the ability of the corrective
image reconstruction methods in processing realistic data as compared with the conventional FBP
image reconstruction method without any compensation.

Figure 16. Transaxial reconstructed images of a sample slice through the 3D NCAT phantom using simulated noise-
free projection data and corrective reconstruction method with compensation of individual and combination of
image degrading effects. (a) Reconstructed images obtained using the iterative OS-EM algorithm with
compensation of photon attenuation alone at, from left to right, 1%, 2", 3" and 4™ iterations, respectively. (b)
Reconstructed images obtained using the iterative OS-EM algorithm with compensation of the full collimator-
detector response alone at, from left to right, 1%, 2", 3", and 4™ iterations, respectively. (c) Reconstructed images

13



obtained using the iterative OS-EM algorithm with compensation of both photon attenuation and full collimator-
detector response at, from left to right, 1, 2", 3" and 4" iterations, respectively. Twelve subsets were used in the
OS-EM algorithm.

Figure 17. Results from simulation study to evaluate the effectiveness of the corrective image reconstruction
method in improving the quality and quantitative accuracy of **!In PS SPECT images. The four columns represent
results from four different slices through the 3D NCAT phantom. First Row: The activity distribution of the image

slices. Second Row: Transaxial reconstructed images obtained using the FBP algorithm and a Butterworth post-filter
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with order 8 and cut-off frequency at 0.2 cycles/pixel. Third Row: Transaxial reconstructed images obtained using
the iterative OS-EM algorithm with no compensation. Fourth Row: Transaxial reconstructed images obtained using
the iterative OS-EM with compensation for attenuation and the full CDR, applied to noisy projection data with 5,000
counts/slice. Fifth Row: Similar to the fourth row except with 20,000 counts/slice. Sixth Row: Similar to the fourth
row except with 80,000 counts/slice. Six subsets were used in the OS-EM algorithm.

Task4. To evaluate the 3D corrective image reconstruction methods for ***In prostate SPECT using
simulated populations of patient data, and Hotelling and human observers (Month 13-36):
a. Evaluate the 3D corrective imaging reconstruction methods as applied to **!In prostate
SPECT using Hotelling observers and ROC analysis methods (Months 13-36)
b. Evaluate the 3D corrective imaging reconstruction methods as applied to **In prostate
SPECT using human observers and ROC analysis methods (Month 19-36)

Accomplishments:

We have made significant progress in the completing Task 4 in Year 3. We continue to made
progress in the research in the form of presenting and submitting the results for presentations at national
and international conferences and in publications as indicated by the record of presentations and
publications.

A. As indicated in the Year 2 report, we began simulating data required for the evaluation study and
made significant progress. In Year 3, we have continued the effort and have been working on the full
scale data simulation for the Hotelling and human observer studies. Specifically, we have created a
‘population” of phantoms that includes variations in patient anatomical structures as shown in Figure
18. The population consists of phantom with 3 body sizes, i.e., small, average and large, each with
three different bone structure, i.e., small, medium and large. Also, to more realistically simulate
patient data, we include possible air pockets in the intestines as shown in Figure 19.

a)

(
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c)
Figure 18. Family of 3D NCAT phantoms to be used in evaluation study with (a) small body size, (b) average body

size, and (c) large body size. For each body size, (Top Row) small bone structure, (Middle Row) medium bone
structure, and (Bottom Row) large bone structure.
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Figure 19. A 3D NCAT phantom that consists of air pockets in the intestines (the activity concentration is set to
zero for easier visualization here; it is ~1:4 with respect to background in actual simulation). It demonstrates our
ability to simulation the special anatomy found in some patient studies.

B. We have carefully checked the quantitative SPECT image reconstruction methods developed in this
research grant and applied them to the Monte Carlo simulated projection data from the 3D NCAT
phantom described earlier. Figure 20 shows sample results from the Monte Carlo simulation study.
The top two rows show sample slices through the 3D NCAT phantom showing the radioactivity and
attenuation coefficient distribution of the phantom. The SimSET Monte Carlo code was used to
generate ‘almost’ noise-free projection data from the 3D NCAT phantom. The noise-free projection
data were scaled to specific mean counts and Poisson noise fluctuations were then added to simulate
the acquired projection data. Finally, the quantitative SPECT image reconstruction methods were
applied to obtain the reconstructed images at different iteration number. The simulation study allows
comparison of the reconstructed images with the phantom slices and demonstrate the quality and
guantitative accuracy of the quantitative SPECT image reconstruction methods.

17



Figure 20. Sample reconstructed images obtained from applying the quantitative SPECT image reconstruction
methods to the Monte Carlo simulated noisy projection data. First Row: Sample transaxial slices of the 3D NCAT
phantom showing the radioactivity distribution. Second Row: Corresponding transaxial slices showing the
attenuation coefficient distribution. Monte Carlo simulation method was used to generate ‘almost’ noise-fee
projection data that include the effects of attenuation, scatter and collimator-detector response of a medium-energy
collimator. They were then scaled to a total projection count of 80K and Poisson noise fluctuations were added to
simulate the actual acquired data. The quantitative SPECT image reconstruction methods, based on the iterative
OS-EM algorithm with 6 subsets, 20 angular projections per subset and correction of attenuation and the collimator-
detector response after Third Row: 1 iteration, Fourth Row: 2 iteration, Fourth Row: 2 iteration, Fifth Row: 4
iteration, and Sixth Row: 6 iterations.

C. We have made plan for the Hotelling observer study to evaluate the efficacy of the quantitative
SPECT image reconstruction methods as applied to *In labeled ProstaScint® SPECT images. The

18
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null hypothesis is that there is no difference in lesion detectability (AUC) between the different
reconstruction algorithms, i.e., filtered backprojection (FBP) with post-filtering using a Butterworth
filter, the ordered-subsets expectation-maximization (OS-EM) algorithm with attenuation
compensation (OSA), and OS-EM with attenuation and detector response compensation (OSAD).

To test this hypothesis, we propose to perform channelized Hotelling observer (CHO) study
using simulated ProstaScint® data from a population of phantoms. The study consists of the
following components.

a. Create a population of phantoms as described in Accomplishment #1. The population of
phantoms consists of anatomical variations.

b. Vary the organ radionuclide uptake distribution (by randomly sampling from a distribution of
uptake ratios) between phantoms, lesion size and location (3 different sizes & locations) and
noise level, to mimic the variations seen in a human population.

c. Simulate projection data from the phantom population so as to obtain two classes of images —
lesion-present (LP) and lesion-absent (LA) — for use in the CHO study.

d. Train the CHO with a training image set before applying it to test images.

The CHO study consists of the following sub-studies. These sub-studies are designed to
determine the optimal image reconstruction parameters. The final result, that is, the best image
reconstruction method will be derived from results of the sub-studies.

- To determine the optimal cut-off frequency for the Butterworth filter used in post-filtering of the
FBP algorithm,

- To determine the optimal combination of iteration number and cut-off frequency for the
Butterworth filter used in post-filtering of the OSA algorithm.

- To determine the optimal combination of iteration number and cut-off frequency for the
Butterworth filter used in post-filtering of the OSAD algorithm.

The best image reconstruction method is the one that provides the highest lesion detectability, or

largest area under the ROC curve, from the CHO studies.

The following list the details of the research plan. We have generated the projection data and
reconstruction images for the study.

a.  Number of phantoms: (18 from the following, i.e., 3x3x2)
- 3 body sizes: small, average, large
- 3 body frames for each body size: small, medium, large
- 2 intestinal states: air in ascending portion of large intestine, air pockets in descending
portion, air in sigmoidal colon & rectum.

b. Possible lymph node lesion locations: (3 as shown below and Figure 21)
- Lesion in obturator node on the left side (slice 27)
- Lesion in external iliac node on the right side (slice 45)
- Lesion in common iliac node on the left side (slice 51)



C.

(@) (b) (c)
Figure 21. Possible lymph node lesion locations. (a) Lesion in obturator node on the left side (slice
27), (b) Lesion in external iliac node on the right side (slice 45), and Lesion in common iliac node on
the left side (slice 51).

Noise levels: (3 levels) at 7,000, 14,000 and 28,000 counts per slice

d. Total number of images that will be generated: (Total of 324 LP and LA images)

e.

Lesion present (LP): 18 phantoms x 3 lesions x 3 noise levels = 162 images; half of these
(81) will be the LP images used for the training of the CHO, and the other half (81) will be
used for testing.

Lesion absent (LA): 18 phantoms x 3 sets of noise realization (varied uptake ratios) x 3 noise
levels = 162 images; half of these LA images will be used in training of the CHO, and the
other half (81) will be used for testing.

Total number of ROC curves that will be generated: (Total of 55 ROC curves)

Filtered Backprojection (FBP) with the Butterworth filter:
5 filter cutoffs = 5 curves
0OS-EM with attenuation correction (OSA) and Butterworth post-filtering:
5 updates x 5 post-reconstruction filter cutoffs = 25 curves
OS-EM with attenuation and detector response correction (OSAD) and Butterworth
postfiltering:
5 updates x 5 post-reconstruction filter cutoffs = 25 curves
Total number of ROC curves that will be generated from this CHO study
5 (FBP) + 25 (OS-A) + 25 (0S-AD) =55

Preliminary CHO study results

Figur 22 show preliminary result of the CHO studies. They are obtained with a small test

image set resulting in a fairly large error bars. However, despite the relatively large error bars,
the preliminary results indicate clearly the superior image quality in terms of detection of small
lesions for the '"In PS SPECT images obtained with the quantitative SPECT image
reconstruction methods as compared to the FBP algorithm without any correction. These
preliminary results also demonstrate that all the components of the simulation study are working
properly. Based on results of the preliminary study, we are proceeding onto the full scale
simulation study using the CHO to evaluate the gquantitative image reconstruction methods for
prostate SPECT.
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Figure 22. The areas under the ROC curve from the preliminary CHO study (a) as a function of cutoff frequency
using the FBP algorithm without correction, (b) as a function of number of updates (number of subsets * number of
iterations) using the iterative OS-EM reconstruction algorithm, with compensation for attenuation (OSA), and (c) as

a function of number of updates (number of subsets * number of iterations) using the iterative OS-EM
reconstruction algorithm, with compensation for attenuation and detector response (OSAD). The results in pink are
from 25% lesion contrast with respect to background and the results in blue are with respect to the arteries & veins.

Task 5. To evaluate the clinical efficacy of the corrective image reconstruction methods using patient
1 prostate SPECT data (Month 1-36):

a.

b.
C.

d.
e.

To set up the GE VG/Hawkeye dual-head SPECT system for In PS SPECT data
acquisition from patients (Month 1-3)

To acquire **!In PS SPECT data acquisition from patients (Month 4-33)

To process the patient *In PS SPECT data using the corrective image reconstruction
methods developed in Task 3 (Month 4-33)

To conduct clinical evaluation of the patient **In PS SPECT data (Month 13-33)

Statistical analysis of evaluation data (Month 31-36)

Accomplishments:

A. Task 5 (a) has been completed in Year 1.

B. In regard to Task 5 (b), we have obtained IRB approval since our laboratory relocated to Johns
Hopkins University (JHU). During Year 2, we have worked with the nuclear medicine clinic at JHU
to modify the "'In PS SPECT data acquisition protocol to improve the quality of the acquired data.
There is a slight delay in the clinical data acquisition due to the relocation and the application of the
IRB. However, the official patient data acquisition and processing has begun. As of April 2006, we
have acquired data from 21 patient studies, i.e., 15 new cases during that last 12 months. Figure 8
shows results from one of the patient datasets.

C. We are in the process of checking the clinical data and applying the different image reconstruction

methods.
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D. Also, we are planning on the clinical evaluation study using the clinical data and the patient record for
the “truth’ state of the patients.

E. Figure 22 show a typical set of for **!In PS SPECT/CT images obtained from the patient study.
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Figure 22. Results from one of the patient **'In PS SPECT studies obtained using a GE VG dual-head SPECT
system equipped with a Hawkeye x-ray CT unit. The patient was injected with 5 mCi of **!In PS. The total data
acquisition time was 35 minutes and a GE ME collimator was used. (a) Transaxial reconstructed images obtained

using the conventional FBP reconstruction algorithm without any compensation. (b) Corresponding registered

transmission CT images from the same patient. (c) Transaxial reconstructed images obtained using the iterative OS-
EM algorithm with compensation of photon attenuation and scatter and the full collimator-detector response. Ten
subsets and 5 iterations were used in the OS-EM reconstruction. Note the much improved image quality in terms of
lower image noise and improved image resolution. (d) Fused SPECT/CT images.

KEY RESEARCH ACCOMPLISHMENTS

1. Completed extension of the realistic 3D NCAT phantom to include the pelvic region of the body.
The extended phantom includes the prostate gland, bladder, key blood vessels and major lymph nodes
in the pelvic region.

2. Completed the development of a fast simulation method of realistic **In PS projection data. The
method is based on Monte Carlo simulation methods to simulation photon transport inside the
phantom and the development of an angular response function (ARF) which accurately models the
full imaging characteristics of the collimator-detector response function. The ARF is predetermined
using Monte Carlo methods. The fast simulation method is 410 times faster than a straight Monte
Carlo simulation method and provides the same accuracy and simulated image quality.

3. Completed the development of corrective image reconstruction methods that incorporate accurate
compensation of photon attenuation and scatter in the patient and an accurate model of the full
collimator-detector response. It is shown that the corrective image reconstruction methods provide
substantial improvement in **In PS prostate SPECT image quality.
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4. Completed the design of the evaluation studies using Hotelling and human observers and to generate
data for use in these studies.

5. Completed the creation of a population of 3D NCAT phantoms with variations of anatomy, organ
radionuclide uptake distribution, lesion size and location and noise level, to mimic the variations seen
in a human population.

6. In the process of generating simulated projection data from the phantom population so as to obtain
two classes of images — lesion-present (LP) and lesion-absent (LA) — for use in the CHO study.

7. Work has begun to conduct the evaluation studies to determine the clinical efficacy of the quantitative
SPECT image reconstruction methods for ***In PS SPECT imaging of the prostate.

8. Continuing acquisition of patient data and processing using the corrective image reconstruction
methods have begun. Twenty-one patient studies have been collected and processed to-date.

REPORTABLE OUTCOMES

Manuscripts

1. Garrity J, Segars WP and Tsui BMW. Development of a Dynamic Model for the Lung Lobes and
Airway Tree in the NCAT phantom, in Conference Record of the 2002 IEEE Nuclear Science
Symposium and Medical Imaging Conference, Norfolk, VA, November 10-16, 2002.

2. Garrity J, Segars WP and Tsui BMW. Development of a Dynamic Model for the Lung Lobes and
Airway Tree in the NCAT phantom. IEEE TNS, 50(3): 378-383, 2003.

3. Sayeram S, Tsui BMW, Zhao XD and Frey EC. Performance Evaluation of 3 Different SPECT
Systems Used in In-111 ProstaScint SPECT Imaging. Conference Record of the 2003 IEEE Nuclear
Science Symposium and Medical Imaging Conference, October 19-25, 2003, Portland, OR., page
1173, 2004.

4. Frey EC and Tsui BMW. Correction for Collimator Response Function in SPECT. (In) Quantitative
Analysis of Nuclear Medicine Images. Kluwer Academic/Plenum Publishers, in press 2005.

5. Tsui BMW and Frey EC. Analytic Image Reconstruction Methods. (In) Quantitative Analysis of
Nuclear Medicine Images. Kluwer Academic/Plenum Publishers, 2005.

6. Liu C, Volokh L, Zhao X, Xu Jingyan, Lee TS and Tsui BMW. Performance Evaluation of Block-

Iterative Algorithm for SPECT Reconstruction. Conference Record of the 2005 IEEE Nuclear Science
Symposium and Medical Imaging Conference, Puerto, Rico, October 23-29, 2005.

Presentations

1.

Tsui BMW, Zhao XD, Segars WP, Sayeram S and Frey EC. Quantitative In-111 Prostascint SPECT
Imaging with Fusion with Anatomical Information. Presented at the 49" Annual Meeting of the
Society of Nuclear Medicine, Los Angeles, CA, June 15-19, 2002.

Tsui BMW, Du Y, Segars WP, Zhao X and Frey EC. Fast Monte Carlo Simulation Methods for
Medium- and High-Energy SPECT. Presented at the 2002 IEEE Nuclear Science Symposium and
Medical Imaging Conference, Norfolk, VA, November 10-16, 2002.

Sayeram S, Tsui BMW, Zhao XD and Frey EC. Performance Evaluation of three different camera
systems Scintillation Crystals used infor 111In-111 Prostascint® SPECT Imaging. Paper presented at
the 50" Annual Meeting of the Society of Nuclear Medicine, New Orleans, LA, June 21-25, 2003.
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4. Sayeram S, Tsui BMW, Zhao XD and Frey EC. Performance Evaluation of 3 Different SPECT
Systems Used in In-111 ProstaScint SPECT Imaging. Paper presented at the 2003 IEEE Nuclear
Science Symposium and Medical Imaging Conference, Portland, OR, October 19-25, 2003.

5. Tsui BMW, Zhao X, Frey EC, Shao L, Aarsvold J, Durbin M, Alazraki N and Rollo FD, Evaluation
of Quantitative Prostate SPECT/CT using In-111 ProstaScint®. Paper accepted for oral presentation
at the 51% Annual Meeting of the Society of Nuclear Medicine, Philadephia, PA, June 19-23, 2004.

6. Tsui BMW, Zhao X, Frey EC, Shao L, Aarsvold J, Durbin M, Alazraki N and Rollo FD, Evaluation
of Quantitative Prostate SPECT/CT using In-111 ProstaScint®. Paper presented at the 51% Annual
Meeting of the Society of Nuclear Medicine, Philadephia, PA, June 19-23, 2004.

7. Sayeram S., Segars WP and Tsui BMW. Development and Evaluation of Simulated Phantoms for
Use in In-111 ProstaScint® SPECT Imaging Studies. Paper to be presented at the 52" Annual
Meeting of the Society of Nuclear Medicine, Toronto, Canada, June 18-22, 2005.

8. Tsui BMW, Chen S, Liu C and Volokh L. Evaluation of Quantitative Image Reconstruction Methods
for Maximum Lesion Detectability in In-111 ProstaScint® Prostate SPECT. Paper submitted for the
53rd Annual Meeting of the Society of Nuclear Medicine, San Diego, USA, June 3-7, 2006.

9. Volokh L, Wahl R, Frey EC, Chakraborty D, Du Y, Ziessman H, Zhao X, Jasene H and Tsui BMW.
Study of iterative SPECT corrective reconstruction algorithms for lesion detection and localization in
In-111 ProstaScint imaging by means of combination of Monte-Carlo simulations and clinical
evaluation techniques.

CONCLUSIONS

We have made significance progress in Year 3 of the project. The development of a fast
simulation method of realistic *!In PS projection data was completed. The method is based on Monte
Carlo simulation methods to simulation photon transport inside the phantom and the development of an
angular response function (ARF) which accurately models the full imaging characteristics of the
collimator-detector response function and is predetermined using Monte Carlo methods. The fast
simulation method is 410 times faster than a straight Monte Carlo simulation method and provide the
same accuracy and simulated image quality.

We completed the development of corrective image reconstruction methods that incorporate
accurate compensation of photon attenuation and scatter in the patient and an accurate model of the full
collimator-detector response. It is shown the corrective image reconstruction methods provide substantial
improvement in **!In PS prostate SPECT image quality.

We completed work on generating a population of 3D NCAT phantoms that realistically model
the anatomical variations, ***In PS uptake distribution variations and lesion size and location in the patient
population. We have started the channelized Hotelling observer experiments and preliminary results have
been obtained that indicate the superior quality of the images obtained from the quantitative SPECT
image reconstruction methods as compared to the conventional FBP algorithm without any corrections.

We are continuing the acquisition and processing of patient data using the corrective image
reconstruction methods. Twenty-one patient studies have been collected to-date.
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